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ABSTRACT 


Recent experimental eye scanning meaju**amefits /rem tlmulatad in* 
atrament approach** in a flight *llka cockpit rapraaanling a coatamparary Jtt 
tr.mapwrt ha* e made it poeaibla to aimplily the prncadura for pradieting tha 
partition of the pi'«^t'a scanning workload raquirad lor monltorlag and control* 
ling a tasK viith status displays and a flight diractor. Whan thara is but a 
e;ngle director control display, the new procedure eliminataa iteration in tha 
preliminary design computations. The preliminary design computations era 
based on predictions of clossd-loop input *corrslatad errors in diaplayod 
variables with respect to tha trimmed flight values. AUo Included are 
methods for predicting multiloop error coharencs and for correcting tha 
predicted partition of scanning worMoadwhen tha pilot^a scanning remnant 
contribution is significant. Bg S 



*ThTS research was aponaorad by tha U.S. Air Force Flight Dynamica Laboratory 

under Contract No. F336I5 -71 *C *1349. 


Scanning of an inatrumofU panol pormita the displayed ialormation to 
be sampled fovaally* The fovaat /laatlen dtrall time Interval la variable, but 
avaragaa about oat -hall eacandi Infarmalien autelda the fovaal roglon may 
perhaps be observed paralovaally* On# can mdaaura the tranaitioa al fovaal 
flaatlan between twe Inatrumante and tbs pause or dwoll of tbo vlaual axis of 
flaatlon on an inlormativt pan of tbo inatrumont flbr aaampla tha tip of a 
pointer) before beginning the nan traneltion. Meaauremente have shewn 
variability in the time Interval which olapooe botv«oon succooelvo lUatione 
on the aame inatrument. Thia tlma inlarval ia eallad tha ecan intarval or 
sampling interval. B will in general eahlbll a different enaemble average 
value for each point of fUation. Baeidae inetrumant-to-inetrumont ecaae, 
•eanning may occur among the elementa of combined dieplaye, 

Tba pilot ualng a flight diractor for control wants to spend a certain 
amount of time monitoring the eonfidonce-inepiring eituatian information. 

Thia is how ho gaina and maintaina cenlidanca in tha lli^ diractor. Wo 
apaah of thia tima that ha apanda manitaring tha aituation infer mat ian aa hia 
monitaring warfcload margin, it aan ba anpraaaad aitbar as a fraction of 
time, tha dwall fraction, or aa tba fraction of the number of loohe, the look 
fraction. Sufficient monitorinf margin la aaaanttol to tbo pilot. Tbia need 
for monitoring margin can lead to a peaaiblo conflict with the addition of a 
third director command for direct lift control or thruat central which rc- 
qulroa a aeparate feveal lUatlon. Unlaas tha flight director prcaonlation 
can be contrived to convoy throe diractor commando In ana flaatian through 
fovaal and parafoveal channaU of awaranaaa, tha twitching af attantion ba « 
twaan tha twe -command flight diractor and a third diractor command may 
produce eoneiderably mere remnant in all three director commando. 

In order that wa may mere clearly appractala cheat attacta, ana pur- 
pose in this Inveatigatlen has baan to improve the modole for predicting the 
partition of the pilot’s time and tba number of flaatione between tbo moniteving 
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margin and the fraction of time required for control using the director com* 
mands. We shall begin here with a review of hey experimental results 
from Ref. 1, supported by a companion paper, Ref. 2 , in order to intro* 
dues a new, simpler, direct method for partitioning scanning workload with 
a flight director. We will then show how the properties of the pilot's scan* 
ning remnant and properties of the partition of scanning workload may con • 
spire to compromise the pilot's confidence in his situation, to compromise 
his performance, or both, so that his subjective impression of the overall 
task workload will be high. The presentation has been subdivided for con- 
venience into the following topics, th« last of which Is a summary, 

> Review of Eye Scanning Data 

•Summary of the Revised Model for Partitioning Scanning Workload 

• A Simplified Partitioning Procedure for a Single Director Control 
Display 

• A Cause of Low Error Coherence 

•Estimation of Error Coherence and Variance 

• Modification of the Input -Correlated Predictions of Average 
Threshold Exceedence Frequency 

•Summary of the Simplified Direct Procedure for Partitioning 
Scanning Workload with a Flight Director 

REVIEW OF EYE SCANNING DATA 
A Model for Display Monitoring 

In order to maintain confidence in a flight director for cloaod*loop 
tracking, the pilot must also attend to the open -loop monlterlng of sHuation 
or Status displays to ps-csivs excesdoncs of tolerances or spoclflad valuta 
reUted to the task. Most of the pilot's status diaplaya present the flight mo- 
tion \ariables which are constituents of the flight director commands, Othor 
status displays ar« common to engino or radar Inatrumont monitoring, wHoro 
effects of manual control are not displayed. 
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We shall Includs tlma for monitoring tho statua diaplaya appropriato to 
tho flight diroctor loops and tho rolativoly opon-loop displays such as ongino, 
fual managomont, navigation* and communication diaplaya by ostlmatlng an 
avorago dwelt interval of 0,4 soc (Raf, 9) and a scanning fraqueney aqual to 
an approprialt thra ahold SABooedonao froquoncy for tho display, Tha avorago 
threshold oxeosdaneo fraquonay* |, (Raf. 4) for Oauaalan random aignala 
la 



whara xi is ths thrashold of txcoodoneo, 0* is tho variance of the diaplayod 
s * 

signal, and , tho variance of tho rate of change of tho diaplayod aignaL 
Tho resulting fractional scanning workload for monitoring (that It, tha product 
of 0,4 see with the sum of tho scanning frcquoncias for tho monitored displays) 
is then comparad with that for tho tracking control tasks to dotormino whotkor 
or not both tracking control and monitoring tasks can he performed within tho 
availablo time constraint. This comparison and dotormination is called the 
"partition" of seannlng workload for monitoring and control, 

Bach avorago monitored display scanning froquoncy, iff, iaas- 
•umed to be equal to tha cnpcctcd frequency, |, with which a certain level, 
|xi I, of tho displayed variable, x, is txcoodod 



whore K is the ratio of an oncoadonco threshold level, |ni |, 4o 9^ 

0^ is the standard deviation of tho displayed sifnal 

a 

9. is ths standard daviatiea el tho tlma rata of change of the 
* displayed aignal 

1 Is an Index which denotes ths particular display 
9 danataa tha set af menitcrad diaplaya 
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We have expressed the level ol exceedence In terms of KI9^ In 1. We have 
determined that K ranges from 1. 4 to 3.0 for the data la Ref. 1 with a value of 
2, 0 being representative overall. Presumably the lower the value of K the 
lower the pilot^s threshold of indifference to the displayed sltuatitm which he 
is monitoring, and the greater his confidence in the task performance. 


Results of Dwell Fraction Analysis 

Using the subject -averaged scanning statistics of Ref. I, a correlation 
of scanning workload (dwell fraction) and flight director system bandwidth (l*e. . 
crossover frequency) has been made. This correlation in Ref. 1 shows that the 
higher the crossover frequency the higher the dwell fraction and the lower the 
corresponding scanning rats on the flight director. The conclueion is that the 
most efficient scanning policy is to fixate as infrequently as possible. This 
mimmises the 0. 2 sec latency effect associated with each fixation required for 
monitoring or control. In other worde. the instrument monitoring requirements 
place a lower bound on the flight director • canning rate. Since the sum of the 
flight director and monitoring foveal dwell fractions cannot exceed unity (less 
an allowance. for eaccadee and blinks), we can write Eq. 2 for the parti- 

tion of dwell fraction between director displays and monitored displays. 


r 
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In £q. 2. P is the set of (primary) director command displays and 8 is the 
set of (secondary) monitored displaye* Other symbols ars dsfined in Table I. 


Reeuhs of Look Fraction Analysis 

Reference 2 has further examined the eye -movement data summarised 
in Ref. ). This was for the purpose of discerning the effects of the number 
of primary displays and the degree of display integration upon scanning be- 
havior. Scans among secondary (monitored) instruments wsrs found to be 
exceedingly rare, and scans which begin and end at the same Instrument were 
also found to be rare. Examination of the eye movement data for evidence of 
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DallAlllMig of Symbols 

adj [ ] tho adjoins oporator, J^, , tho ttanaponod matrix o# eoCaotors 

of t ] 

e Napt r Ian baso, 2,71821. . . 

avtrago saaiiAiag fraquoney O/T^) (Ho) 

Ti I avarago thvosbold oxeoodaneo fraquoney lor tho obooluio 

' Ihvoahold (Ha) 

icP lodax I rang os ovar tM sot P 

IfJ.k Indicts dosignating Instrumaais or points of fixation 

n. tho pllot*s romnnat Injoetod at tho axis of the IllglS diroctor 

p numbor of primary control dieplaye, ioctrumonia, or points ol 

fixation 

link valua or probobiUty of fixation transition from i to J 
X} throshold ol oxcoodonoo lor o disployod varinblo x 

ADI attitude diroctor Indicator 

F fovool 

FD fUght diroctor 

K 

dwoU fraction margin for saccadoc and bUnka 
N tout numbar of fixations or ''looks'' in a timo Intorval 

P sot of primary (diroet4Nf control) diepinys or Inotrumonta 

S sot el secondary (monHortd) displaye or Inctrumontc 

avtrago lovoal dwall intorval (coa) 

^d« average cilcctlvc dwell interval (etc) 

an arbitrary time Interval (aoc) 

average scanning interval (l/?^) (ace) 
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TABLE 1 (conc'd) 


Definition! of Symbole 
6.. Kronecker delta 

c error with reapect to the trimmed value of a dUplayed variable 

Cj input -correlated error 

« average foveal dwell fraction 

average effective dwell fraction » f^ ^d*^ 

t independent external input or forcing function acting on the 

director control eyetem 

V. average look fraction, Urn N./ N « (f.V 

I • N-*» * *i ■ 

n 3,14159... 

9^^ input -correlated variance of X 

9q^ input -correlated variance of dx/ dt 

9f ^ uncorrelated variance of x 

of . uncorrelated variance of dx/ dt 

‘ X 

9^ variance of x 

X 

of variance of dx/ dt 

>» 

coherence determinant 
Z summation operator 

^ (oi) power spectral density of sampling (or ecannlngl remnant 

a (units/ rad/ sec) 

I) parafoveal -to -foveal gain ratio 


P-134 


•cans within an inetrument face alee has shown that ••leh ecane are rare. This 
being the case* the scanning workload imposed by the need for meniteriag will 
be reduced by the degree of integration of the ialormattOM for monitoring within 
the primary displays. \c because it is an observed fact that when inte- 

grated in this manner, information for monitoring does not contribute to the 
scanning workload. 

Viewed in another way, the monitoring workload will increase as the 
frequency of scans to secondary instruments inureases. This is because the 
average dwell time, for each eeparate monitoring ^nation is 0,4 see 
with little variability. The eum of the average ecanning frequencies for the 
separated secondary (e^rumonte is the average frequency of scans for moni- 
toring, f^^, where the summation is o%er the set, S* of secondary instru- 
ments. 

The average fraction of scans employed for monitoring is called the 
monitoring look fraction, V| ^|/7s overall average 

scanning frequency defined for the total number, N, of primary and second- 
ary leeks (i.e,, fixations) in an interval of time T^ by T • li'. ^N/T.). 

U S m n 

Since the sum of the primary and secondary look fractions cannot exceed 
unity, we can write Sq. ) lor the partition of look fraction between primary 
displays and monitored displays. 
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where is the look fraction for each primary display. 


(I) 


’*'lt should be noted that pilote refer to the inetrument monitorUig function ae 
**c roes -checking. 



SUMMARY OF THE REVISED MODEi* FOR 
PARTITIONING SCANNING WORK3UOAD 


The result 9 of the dwell and look fraction analyeea can b« used in com- 
Linatior to simplify considerably the display theory computations for the single 
command display case. The simplification is such that Iterative computations 
which are ordinarily required are replaced by direct computation of the aver* 
age scanning frequencies for the flight director and secondary instruments. 

As a result, the scanning workload margin required for monitoring given pre- 


viously 0.4 E f^,. IS easily evaluated. 
leS * 

Equations 1. 2, and introduced previously, provide the basis for 
the partition of scanning workload for monitoring and control. The results 
of the partition provide estimates of tho average scanning frequencies and 
dwell ft actions for control as well as monitoring. The dwell fractions also 


represtnt the temporal probabilities of fixation, whereas the look fractions 
represi nt the ensemble probabilitiee of fixation* From these predictione. 
one can estimate the dwell intervale, look intervale, link values, and other 


scanning parameters desired. A revised model for the prediction of link 
values a flight director is given in a companion paper. Ref, 2. 

The detailed development of a simplified approximate method for 


partitioning the scanning workload required for monitoring and contror .' ■» 
a task a single primary director display is given In the next topic. The 
Bimplif ed approximate method will be increasingly more accurate as the 


pilot’s tracking error coherence approaches unity. Following the presenta- 
tion of the simplified method we ahall show how to test for multiloop error 
coherei ce. and how to correct the partition of scanning workload in case of 


low ertor coherence caused by the pilot's injection of scanning remnant* 
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A simplified PARTITIONINO PROCEDURE FOR 
A SINGLE DIRECTOR CONTROL DISPLAY 


By way of eonvtnUnea in what follows, wa shall dafino tha dUaeter 
control display as **primary’* and tha aUttation diaplays for monitor lag aa 
'*sacondary. ** 

A tpacial eaaa of tha ravlaad pilot modal for scanning daaevibad in 
Ref. 2 applias whan a aingla dltoetor control diaplay la uaad. la thia caaa, 
tha avarago scanning fraquaney lor tha flight diraator, ia aqua! to 

tha turn of tha avaraga acanniag fraquanciaa for tha sacoadary diaplaya# 
That is 


(4) 


whara 8 is tha aat of aaeondary diaplays and tha Ig^ ara givan by Sq, I. 

By virtua of tha fundamantal raquframant that all ot tha pilot*# fixationa ba 
aeeeumad for, Eq. 4 ia also aqual to T / 2, whara T la tha avaraga aaan- 
nlng fraquancy, 

Tha avant of thia aimpla ralatienship anggaata tha following batia for 
tha pradietion of tha aeannlng workload margin raquirad for monitoring tha 
aituation. Equation 4 may ba Intarpratad aa giving tha fraquancy with which 
fixation of tha primary display is intarruntad in tarma of tha individual aitua- 
tion display monitoring scanning fraquanelas. If wa add to this tha aa sumption 
that tha pilot acana for tha purpeaa of moi«Horing only as fraquantly as is ra- 
quirad to maintain a parsonal confidanca laval ia tha situation, wa hava suffi- 
eiant eondltlona for tha axiatanea of an optimum monitoring policy. 

A partition of aeannlng workload (or dwall fraction) batwaan tha flight 
diraetor and tha aat of sacondary diaplays laads to Eq. 5. Equation S la for 
tha fovaal dwall fraction on tha flight diraetor under tha aasumption that tha 


dwells for saecadas and blinka ara nagligibia (M^ • 0). 
of Eq. 2. 



It ia a apacial caaa 


iS) 
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Equation 5 indeed ehowe that nnonitoriog is accomplished at the expense olthe 
night director dwell traction. Thus, the dwell fraction on the flight director 
becofrss, by virtue of £qs. 4 and 5: 


The effective dwell fraction on the flight director is defined <Ref. 6) by 

where is the parafoveal -Co -foveal gain ratio. The effective dwell frac- 

tion on the nif ht director will be greater than or equal to the actual dwell 
fraction as H^p is varied from 1. 0 to 0. An alternate expression for Eq. 7 
.s obtained upon substitution of Eq. 6. 

The conplement of the effective dwell fraction ia the effective interrupt frac- 
tion. Thie is obtained by rearranging Eq. 8. 

‘ -’'•fd’®'* Vd‘* '**F r>» “ 

' *he flight director average scanning interval ie the reciprocal of tbo 
average scanning frequency. T,^p » 

llie average foveal dwell interval on the flight director can be obtained 

by multi Ilying Eq. 6 through by f ^ and using the definition IRef. 3) of dwell 

fraction. = Tj /T_ 

ED dpjj spjj 


T. -T^ -0.4 

®FD *FD 
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The effeetive dwell interval on the fUgM director ie greater than the foveal 
dwell interval If parafoveal perception ie net inhibited. The effective dwell 
interval can be obtained by multiplying Eq. 8 by T^pp since 


( 10 ) 


Equation 8 can be eubetttuted into Bq. 10 for an alternate expreseion for the 
effeetive dwell fraction on the flight director 

^•fo ®E0 

Since ^dpx) ^ ^*FO ^ * ^FD * tlkow that upper and 

lower bounde upon ^depD reepeetively ?spp oo8 ^dpD* ^^*''*^'** 
the ditferenee between the two bounde is only the 0. 4 eec average monitoring 
dwell interval. This latter fact is evidsot from Eq. 8. 

^SepD ^^FO theoretical constructs and srs not dirsetly ob- 
servable, However, Ts^o obeervable. Experimental values 

for ?dFO ^^pottsd in Ref, I art approximatsly 2,0 sec. ^d^o ^ ^spo 
< which are the lower and uppor bounds, respoetively. on ^dopo^ 
wsak functions of ths parafevsal-to-fovsal gain ratio, Opp, for constant 
effsetivs dwsll Intsrval becauss tbs aversgs monitoring dwsll intsrval, 0. 4 
sec. U much lees than ?dpx> ^ ^^oequently, Opp can be treated 

ae an arbitrary constant in this simpUlisd mothod. This is a useful proferty 
of Eq. 10 which makes R poe^iblo to eetablieh reaeonable bounde on ?ep0* 
(ReeaU that ?epp rqaal to the reciprocal of f^pp detorminod in Bq, 4 ae 
afiiactlonof that breebold -to -itandard deviation ratio, K, In Bq. 1 and the 
error rata -to -dieplaee meat variance rstle ic8.) ?tpp will, in 

effect, be bounded from above by the largest value of K la Bq. 1 which le 
aecoptable to the pilot, because increasing values of K reprsssat decreasing 
levels of ths pilot’s eonfldsncs ia his sttuation, ?sp0 ^ bounded from 
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below by ^depD* ^ a lower bound on error rate 

and diB| 3 lacement coherencies. 

The precision of this simple direct procedure for partitioning scanning 
workload on a single primary director control display depends on the error 
rate and displacement coherencies. When these coherencies are fairly blghi 
as they usually are with a properly designed flight director* the 
in 1 are virtually equal to their input >>correlated values. Thus one may 
start the partitioning procedure with only input«correlated error rate and dis- 
placement standard deviations determined independently by system perform- 
ance calculations and without regard for the pilot's scanning renmant. 

We shall next turn our attention to the effects of the pilot's scanning 


A CAUS£ OF LOW ERROR COHERENCE 


The scanning activity required for monitoring causes the pilot to inject 
nois*^ into the flight director control loops* This noise is called scannitig rem- 
nant It IS the chief source of noise* because, in flight director control tasks, 
ther » .8 no need ^ pilot lead equalisation in following the director commands, 
and lence remnant attendant to pilot lead equalisation is not present. 

The scanning remnant power spectral density for the "switched gain" 
modt 1 (Refs. 5 >7) appropriate for application to the flight director is defined 
in Ref. 8 . If we use £q. 8 a for the effective interrupt fraction, (1 - nepi>)* 
and aiisume a sampling variability ratio ( 9 T 0 /T 9 ) of 0.5, the scanning rem- 
nant >ower spectral density for the flight director is 



^ is defined such that Cfl ~ («)d« 

“s 0 


Hi) 
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ft is clear from 


where is given b> Sq. 10 In terms of ftyj, and 

Eqs. 9 and 10 that ^ ^ ^ predlctliag the 

effects of scanning on system tracking error » we find ft convenient to uee 
the lower bound on becaueo this placet an upper bound on tbe half -power 

frequency of iho eeannlttg noleo and helps to make tbe error cohoreoce prodlc- 
tions coneervatWe, Experimental values for Tgp^ reported in Ref. t ere ap- 
proximately 2. 0 see. This places tbe half -power frequency, 2/ Tg^pp, at or 
below 1*0 rad/ sec. In order to complete the connection between tbe scanning 
renrmant power ifleetral denefty (Bq. 1 1 ) and tbe average monitoring s c a n n in g 
frequency (Sq. D* ft is necessary to digress to compute tbe total displayed 
error variance vector. In this ease, "error" refers to tbe deviations of tbe 
displayed variables with respect to their trimmed values. 

ESTIMATION OF ERROR COHERENCE AND VARIANCE 

The total error variance vector, (7), is related to tbe coherent error 
variance vector, (t^)# by the equation 

Ci,3 (?i . {^} (U) 

where [d ] is a square coherence matrix conUining elements 



with i components in the variance vector and J dieplayed axes in the flight 

director; ® fg; I ^ ^ Kronecker delta, is the Fourier 

transform of the displayed -vror in response to ng .(Jol, the Fourier trane- 

th ^ 

form of tbe pilot's remnant injected at the J axle ef the Hight director. The 
determinant of Cd^] is called the characteristic determinant ef etabilfty in 
the mean-square sense, or tbe coherence determinant. Each component of 
the coherent error variance vector has the form 
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^here, for example, the independent longitudinal inputs and 

disturb nces: glide slope beam noise, and longitudinal and normal gust veloci* 
ties; and N = Thus, the vector Tc’] will, in general, be a column matrix 
of linear combinations of input -corrected mean -squared errors. The f 04 mal 
resuh for the total variance vector i:»: 


(c’i 


adj [a^J 



05 ) 


The coherence determinant, governs multiloop stability in tliS 

mean>sq\iare sense; therefore, it must be greater than zero. A value for the 
determinant which is much less than unity means that Incoherent error power 
due to sranning remi ant will be much greater than the coherent error power 
due to inputs and dist irbances. As the coherence determinant approacltes 
unity (its upper boun< ), the error power will become increasingly coherent. 

One t>f the purposes cf an integrated flight director is, of course, to make 
the coherence deternanant approach rnity. 

The coherence determinant depends on the display scanning statistics 
as well aa the closer >loop frequency responeee to scanning renmant. 'fhere- 
fore. It is desirable to obtain the coherence determinant in analytic form 
{irst. so that the average scanning statistics can be estimated in conjunction 
with their msluence on the partition of scanning workload and mean -squared 
err >t9. 

Some savings in labor will result because preliminary coherence tests 
on (no ascertain whether or not it is greater than 0.4, for example) need 

be based on only the principal diagonal elements of [<1^]. For a flight director, 
is an upper trisngular noatrU; thus, the value of its determinant is equal 
to the product of it^ principal diagonal elements. Tbs oon*zsro off-diigonal 


P-M4 


elements are, of course, required to verify tbs partition of tcaaning workload 
and to verify that approach performanes requirements are satiefied. 


MODIFICATION OF TH£ INPUT-CORRELATED PREDICTIONS 
OF AVERAGE THRESHOLD EXCEEDENCE FREQUENCY 


The standard deviation, 0^, of the signal, x, on display i will consist 
of one component, which arises from tbe physical inputs and eisturhaneas 

forcing the pilot-vehicle system, and a second component, which arises 

from the pilot’s scanning remnant. Then 0x| ^ ^tx|* ^tx| compooent 

wlU scale linearly with the level of the injected remnant. 

Exceedences of a certain absolute signal level, |xi | 

Y *1 

will occur at an average frequency: 



if we assume that the absolute level, |xi | defines the pilot's 

threshold of indifference to tbs status variable x^, i.e. . the minimum change in 
the signal which is sigt^ificant to the pilot, then we are justified in equating 
^i ^ Mxi I ^ ^ of Sq, 1. Here, f^^ is the average 

scanning frequency for the secondary display. The experimeetal results in 
Ref. 1 indicate that 1.4 a E « 5.0, 

Presumably, the pilot's threshold of indifference will bear some con- 
sistent relationship (a. g. , |xi | e 29) to criteria for the acceptability of task 
errors and attitude, beading, and sideslip excursions la each portion of ^e 
flight profile. If all other contributions to the average threshold exceedsnes 
frequency are invariant, the pilot’s average monitoring scanning frequency 
must increase to provide a lower value of tbs tfaresbold-to-rms ratio, K, 
Therefore, bis monitoring scanning workload, that is, monitoring dwell 
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fraction mast actually increase at the expense of the flight director dwell frac- 
tion to provide a lower value of K. U the flight director dwell fraction must be 
80 compromised that the pilot's scanning remnant causes low error coherence, 
task performance may be compromised, and the pilot's subjective impression 
of overall task workload will be high. 

Conversely, if the flight director demands too much of the scanning 
workload, that is, too large a dwell fraction for control, because its sensi- 
tivity is too low or because the external disturbances are broadband, the pilot 
may have to compromise his monitoring dwell fraction to the point where K is 
so large that he has little confidence in the acceptability of the situation and in 
the satis/action of task performance criteria. Again his subjective impression 
of task workload will be high. Evidently, the pilot then attempts to partition 
his scanning workload so that 1,4 s K s 3. 0 for reaecnable confidence in the 
situation with acceptable error coherence, | a 0,4. 

Assumed values for K and are necessary to determine each 

1 ,. as a function of using Sq, 16 and the equality |» 

required (0^^. + cf ^.) are the components of the total variance vector, f e*), 

given by Eq. 15, in which only the 0 * depend on and Td . The re- 

.. a * *FD 

qutred + 0 i are the components of the total rate variance vector, 

which can be derived in a manner completely analogous to that described for 
the total variance vector by defining a rate coherence determinant. Again 
only the 0 ? depend on and The partition of scanning work- 

load is completed after the set of secondary f^, is summed, and Eq. 4 is 
satisfied. A direct graphical procedure for satisfying Eq. 4 is recommended 
in Ref, '' < reproduced here in Fig. 1) using Opp as th*» abscissa, as 

the ordinate, and as a third variable parameter. Equation 10 provides 

a conveniently explicit form for verifying the simultaneoua satisfaction of 
Eq. 4 in term, of (or l/f;^^), ukI fe^p. 

Wh.n the error coherence i. fairly high, af ‘ uaual-.. '• with a property 
deigned flight director, the ratios (•,. /»„. f and »» Eq. 16 are 
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much less than unity* Hence, the secondary f,^ depend primarily on the 
coherent error rate and displacement variances, and only weakly on the para- 
foveal-to-foveal gam ratio, (Recall that is already closely 

bounded, i.e., ^dyu ^ ^ ^*FD' bothbotmds, Tdpp and 

Tsp 0 * are also weak functions of in Eq. 10 as discussed previously. ) 

As a consequence, the partition of scanning workload by simultaneous solution 
of Eqs, 4, 10, and 16 with the secondary fg^ " ^|x| | usually be simplified 
and approximated by ignoring the ejq^Ueit dependence of the solution on 
as long as the error and error rate coherencies are sufficiently high. In this 
case ApQ becomes an arbitrary constant. When this simplification is pos - 
sibls, Eq. 16 can bs replaced by the form of Eq. 1 in which (0./0 j, *(0o*/^o*>i* 

X X i a I 

the ratio of input -correlated standard deviations, and feyi, and Td^pp wlU 
covary only with K as described previously in the simple direct procedure. 

SV*ndARY OF THE SIMPLIFIED DIRECT PROCEDURE 
FOR PALiITlOHlNG SCANNING WORKLOAD ON A FUGHT DIRECTOR 

The procedure for partitioning scanning workload using Eqs. 1, 4, and 
10 will be accurate provided the error dieplacement and error rate coherencies 
are reasonably high. Although Uie value of K, the ratio of the exceedence 
threshold, I, to 0 ,^^ (icS), may be slightly different for each secondary 
displayed variable x^, the restricted bounde on K inferred from Ref. 1 sug- 
gest that a common value of K may be adequate for use in this simplified par - 
titioning procedure. 

When Eq. 1 is used lor each f^^ (ieS) in the summation in Eq. 4, a 
common value of K makes it possible to write Eq. 4 as 
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Since T- » * Eq. 1 7 cam be ie 10 to express 

•rO ®F0 


Si ly 

■ft) 


0*4(i -Opjj) 


Of he re is tre»t«<i ds ««> eonstent 


K is the common T^tio of each exceedence thresHfiild Ui t, ta 
iiS ^ » 

9 ^ is the cc^erent scandsrd deviation of the monitored variable 

%., RS 

1 

0 , i* the coherent standard deviation of the time rate of change 
o^ of the monHored variable x^« icS 

Equation 17 demonstrates that ^ap 0 effects be hounded from 

below by the largest value of K which Is acceptable tu the pilot. (In reciprocal 
terms t likewise tx>unded from above.) Increasing values of K 

represent decreasing levels of the pilot’s confidence in his situation. We have 
determined that 1.4 ^ K ^ O for the data in Kef. 1 with a value of K ^ 2.0 
being representative overall. 

be bounded from below by ^d^gvp ^ effect 

^ lower bound on error coherence and is itself bounded 
from below by whicn U given in terms of by ^ 


where 0 * 4 sec is the average dwell interval for monitorings Eaporimeotal 
values lor ^dj«p reported in Ref, i are approximately 2.0 secv 


i.e. . input ^correlated 
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A method of testing for muJtifoop error coberence baaed on Ref. 9 
Has been presented in order to show bow to correct the partition of seannHig 
worSdoad in caeo of low error coherence caused by the pilot *s iii|eciiOtt of 
scanning remnant intn the control foops. The method is illustrated erl^ 
..umerical examples and extended to the case Involving two primary direc- 
tor control displays in Ref. 9. 
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